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Performance of Prefabricated Drains in Soft Soils 
R. David Charles 
Associate, Duffield Associates Consulting Geotechnical Engineers, 
Wilmington, Delaware 
SYNOPSIS: The use of vertical drains to accelerate the consolidation of soft soils has become a cost 
effective alternative to the use of pile foundations at many sites. This paper presents a case 
history of the use of vertical drains to accelerate the consolidation of 20 to 25 feet of low shear 
strength, highly compressible soils, under embankments of 12 to 25 feet in height. ~o separate 
vertical drain installations at the project site allowed the use of a shallow foundat~on system for 
approximately one-half of the foundations. This resulted in a significant savings in foundation 
costs and allowed an ambitious "fast track" construction schedule to be met. 
The purpose of this paper is to present the properties of the site soils and the construction and 
post-construction observations of the soil response at this site. 
INTRODUCTION 
The construction of embankments over soft soils 
typically causes concerns over stability during· 
construction and the subsequent time periods 
required for settlement to take place. These 
concerns led to the development of vertical 
drains to reduce the flow distance and to ac-
celerate drainage, thereby reducing the time for 
consolidation of the soil. The theory for 
analyzing consolidation utilizing vertical 
drains was first developed by Barron. Initial-
ly, vertical sand drains were utilized for 
accelerating the consolidation of soft soils, 
and the application of Barron's theory to sand 
drain projects is discussed in a publication by 
Moran et al. 
More recently, because of economic and technical 
considerations, the use of prefabricated drains 
has essentially replaced the use of sand drains. 
These drains are typically "band" shaped cor-
rugated or nubbed plastic cores, wrapped in a 
geotextile drainage fabric. Barrens' theory is 
the basis for the analysis of consolidation 
utilizing prefabricated drains. A discussion of 
design considerations and methods for prefabri-
cated drain analysis is contained in a recent 
FHWA report by Rixner et al. 
The Northern solid waste Facility-1 (NSWF-1), is 
located along the Delaware River near Wil-
mington, Delaware and served as the major refuse 
disposal area for northern Delaware from 1970 
until late 1985. Prior to landfilling, the area 
was utilized for the disposal of dredge spoils 
by the Corps of Engineers, during the period 
from 1954 to 1969. The site was a marsh area 
before its use as a disposal area. A table 
summarizing the general soil stratigraphy at the 
site in the early 1980's is presented in Figure 
1. The ground surface prior to construction of 
the landfill was between approximately elevation 
17. 
Because the NSWF-1 landfill was expected to 
reach its capacity in 1985, other potential 
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landfill sites were being evaluated in 1982 by 
the owner, the Delaware Solid Waste Authority 
(DSWA). A Transfer station was proposed for the 
site to accommodate an on-site reclamation fac-
ility which recovers metals, glass and other 
recyclable materials and produces a "Refuse 
Derived Fuel" (RDF), which can be incinerated to 
produce energy. 
1982 CONSTRUCTION 
The transfer station required the creation of a 
20 foot grade separation between the upper level 
tipping floor (El 35) .and the lower level 
"loadout" area (El 15). After evaluating the 
engineering and cost considerations of various 
structural and foundation alternatives, it was 
decided to create the required grade separation 
by constructing the tipping floor on an 18.5 
foot structural fill embankment. It was also 
decided to construct a 12 foot surcharge 
embankment on the eastern portion of the site 
(the "loadout" area), to improve the soils in 
this area prior to foundation construction, 
which was scheduled to start in May 1984. The 
configuration of the embankment is indicated in 
Figure 2. 
Analysis indicated that rapid construction of 
the embankment to the required heights would 
result in a potentially unstable condition. 
Furthermore, consolidation of the subsoils under 
the design loads would cause an estimated set-
tlement in the range of 1.5 to 2 feet, and under 
existing conditions would require as much as 
nine years for 90% consolidation to occur. 
Therefore, the use of vertical drains to 
facilitate construction of the embankment and 
accelerate consolidation to meet the construc-
tion requirements was evaluated. 
A design value of 0.08 ft2;day for the horizon-
tal coefficient of consolidation, ch, was 
selected for use in the analysis. This value 
was approximately twice the value of Cv in the 
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Range Description Other Data 
1 2.5 ± ft. 
12 - 13 ± ft. 
Miscellaneous fill 
2 Medium to high plasticity 
very soft with some organic 
material (dredge spoil) 
Moisture Content = 40-90% 
Liquid Limit = 50-57 
Plasticity Index = 14-28 
Cohesion = 120-400 psf 
Cr' = 0.03, Cc' = 0.16 
Average Pc' = 1.7 ksf 
3 9 - 12 ± ft. High plasticity silt with 
some organic material 
(marsh deposits) 
Moisture Content = 60-95% 
Liquid Limit = 70-78 
Plasticity Index = 23-38 
Cohesion = 290-650 psf 
Cr' = 0.03, Cc' = 0.20 
Average Pc' = 1.2 ksf 
4 0.5 - 6.5 ± ft. Peat - fibrous peat in some 
areas, becoming very silty in 
others 
Moisture Content = 275-475% 
SA Medium dense to very dense 
silty sand (glacial deposits) 
5B Stiff to very stiff medium 
plasticity silt and clay 
Cohesion = 2200 + psf 
Note: Ground surface between elevation 17 and 19, groundwater at elevation 12 ±· 
FIG. 1 SITE SOIL PROFILE 
FIG. I 
1100 FEET 1 
EL.28 
•IGI-1 
TRANSFER STATION CONFIGURATION 
"virgin" compression range determined from 
numerous consolidation tests performed on 
samples of the dredge spoils and marsh deposits 
in late 1981. 
A triangular configuration of drains with an 
approximate 6 foot spacing was selected for the 
final design. Prior to construction, three 
groups of instruments consisting of piezometers 
and settlement points were installed in the 
locations indicated in Figure 2. The instru-
ments were installed at the approximate center 
of the triangle formed by the drains. Ap-
proximately 2700 drains, generally ranging in 
length from 20 to 30 feet, were installed in 
late September and'early October 1982. The 
earthwork contractor completed the fill place-
ment in approximately 60 days. 
During construction, the instruments were read 
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each day to monitor pore pressure and settle-
ment. Typical plots of measured pore pressure 
'and settlement during construction are indicated 
in Figure 3. Four additional settlement plates 
were t:nstailed 10 days after completion of the 
embankment in the locations indicated in Figure 
2. This data is contained in Figure 3. 
Due to a series of events and decisions by the 
DSWA, the transfer station project was cancelled 
in 1983. An alternate landfill site approxi-
mately 5 miles away had been selected and it was 
determined that a transfer facility would not be 
needed. However, monitoring of the instrumenta-
tion at the site continued until 1985. 
Review of the data obtained indicates that 
approximately 90 to 100% of the excess pore 
pressure was dissipated by May 1984 (the 
proposed start date for foundation construc-
tion). The settlement data from IG-1, 2 and 3 
indicates that approximately 95 to 97% of the 
settlement (based on a total settlement as of 
March 1985) had taken place by May 1984. 
However, the data obtained from monitoring of 
settlement plates 5 and 7 on the southern end of 
the site, indicates that continued settlement 
was occurring in this area. 
1985 CONSTRUCTION 
In 1984, the DSWA decided to construct an Energy 
Generating Facility (EGF) for the purpose of 
incinerating the RDF to generate steam and 
electrical energy. The EGF would be constructed 
at the site of the previous transfer station 
embankment constructed in 1982. The EGF struc-
ture required several grade separations through-
out the facility as indicated in Figure 4. 
Due to the extremely high equipment loads, and a 
need to accelerate the construction of the 
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FIG. a PEZOMETEA AND SETTLEMENT PLOTS 
PL-8 
PL-7 
mechanical installations a portion of the s~ruc­
ture and the lower level equipment was pile 
supported. However, based on the performance of 
the 1982 drain installation, it was determined 
that a shallow foundation system could be 
utilized in the upper level. Because the 
"footprint" of the EGF structure was much larger 
than the area previously improved in 1982 Figure: 
5, additional drain construction was required. 
·Because of the "fast track" nature of this 
project, it was determined that only 9 to 10 
months was availabl.~ to construct the embankment 
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TIPPING FLOOR AREA 
EL.35 
RAM AREA EL. 26 I LOAD OUT EL. 20 
...---
INCINERATOR AREA TURBINE 
EL. 16 AREA 
EL.20 
FIG. 4 EGF FINISH FLOOR ELEVATIONS 
fill and obtain the required 11precompression" of 
the subsoils. While the use of shallow founda-
tions was considered possible, there was some 
concern over the potential for differential 
settlements between areas which had been pre-
viously consolidated by the 1982 embankment, and 
the adjoining areas which would be loaded by the 
new embankment. Additionally, the continued 
settlements which were observed in plates PL-5 
and PL-7 also raised some concerns over poten-
tial post-construction differential settlements. 
It was decided to install additional vertical 
drains on an approximate 3 foot triangular 
spacing in the areas indicated in Figure 8. 
Because of the time constraints and differential 
settlement considerations, the design of the 
embankment required the construction of 5 and 10 
foot surcharges in the upper level building area 
as indicated in Figure 6 • 
Prior to the commencement of construction, 
additional instrumentation was installed at the 
site at the locations indicated in Figure 6 • 
Several piezometers and settlement points were 
FilL I 
CIRAI'"HIC 8CALE 
1:::;:;:;:·:·::::::·1 1182 DRAIN INSTALLATION 
... 1185 DRAIN .INSTALLATION 
EXTENT OF' VERTICAL DRAINS 
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EGF BUILDING OUTLINE 
FIG. 6 EGF FILL CONFIGURATION 
installed in the area of PL-5 because of the 
continued settlement observed in this area. 
Data obtained from piezometer 5B (installed near 
the base of the compressibles) indicated that an 
excess pore pressure, apparently resulting from 
the 1982 embankment construction, existed at the 
location of this piezometer. A review of the 
construction records for the 1982 installation 
indicated that the vertical drains had apparent-
ly penetrated below the elevation of piezometer 
5B. Therefore, the cause of the excess pore 
pressure observed before the start of the 1985 
construction is not clear. 
Approximately 5300 additional drains were 
installed during the 1985 construction. con-
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fill took place in approximately 30 days. Afte1 
completion of the surcharge, settlement plates 
PL-10 through PL-15 were installed in the areas 
indicated in Figure 6. Plots of the instrument 
data obtained during and after construction are 
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Settlement data from the various instrument 
locations was used to monitor the progress of 
the consolidation and to estimate the magnitudes 
of settlement and differential settlement. 
Based upon a review of the data, and the owner's 
willingness to accept some post-construction 
differential settlement, it was agreed to remove 
the surcharge from the northern building area in 
late 1985 (after an approximate 8 mos. surcharge 
period) and construct a shallow foundation 
system. Removal of the remaining surcharge and 
foundation construction proceeded through 
February of 1986. 
Settlement plates PL-10 through PL-15 were 
installed in the surface of surcharge and were 
removed with the surcharge. A majority of the 
·other instrument groups were abandoned due to 
interference with the construction of the upper 
level and its structure components. However, 
instrument groups IG-4 and IG-5 were preserved 
throughout most of the construction. Recent 
readings (October 1987) are indicated in the 
plots for IG-4. However, instrument group IG-5 
is now inaccessible. To monitor post-construc-
tion settlement, several additional monitoring 
points were established within the building in 
early 1986. These points have been monitored 
periodically through October of 1987. As of 
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NOTE: PLATES INSTALLED AFTER COMPLETION 
OF FILL 
SETTLEMENT PLATE DATA 
that time, the settlements observed are less 
than one quarter of an inch. 
DISCUSSION OF ANALYSIS 
The parameters required for the analysis of 
consolidation are discussed in detail in the 
publications by Moran et al, and Rixner et al. 
Briefly, these parameters include: 
External Diameter of Influence, de - this 
parameter is a function of the geometry and 
spacing of the drains. (de - l.OSD for a 
triangular spacing, and 1.13D for a square 
spacing, where D is the center to center spacing 
of the drains). 
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Effective Diameter of tbe Well, dw - for sand 
drains, dw, is typically the diameter of the : 
sand drain, sometimes reduced for "smear" of th~ 
soft soil due to installation disturbance. For 
analysis of a prefabricated drain system, it is 
assumed that the "wick" has an "equivalent sand 
drain diameter" which is analogous to the 
physical diameter of a sand drain. several 
methods of establishing an equivalent drain 
diameter have been suggested by various prac-
titioners. These include equation (1) below 
recommended by Hansbo and equation (2) which is 










equivalent drain diameter 
long dimension of drain 
short dimension of drain 
Additionally, Fellinius has indicated that 
larger values than those determined by the above 
equations might be used, based on consideration 
of the "free surface area," or the area of the 
outer fabric which allows water to enter direct-
ly into the voids or channels of the drain • 
Horizontal Coefficient of Consolidation, Ch -
this has been one of the more difficult paramet-
ers to estimate for the analysis of vertical 
drain installations. Several methods of deter-
mining CQ have been utilized, which include: 
determin1ng the ratio of horizontal to vertical 
permeability in the field or laboratory and 
using this ratio to convert the coefficient of 
vertical consolidation, Cy to cQ: and performing 
laboratory consolidation tests 1n which the 
samples are drained radially. 
Based on equation 1, the prefabricated drain 
utilized in both installations at this site (the 
Alidrain), has an equivalent drain diameter, dw 
of 0.22 feet. Using equation 2, the equivalent 
drain diameter would be reduced to 0.18 feet. 
In his discussion of vertical drains, Fellenius 
indicates that based on free surface considera- · 
tions, the Alidrain may have an equivalent 
diameter as great as 0.49 feet. The results of' 
recent laboratory testing summarized by suits et 
al, indicates that the equivalent sand drain 
diameter for the Alidrain ranged from 0.11 feet 
to 0.21 feet for three different types of soils. 
These tests were performed in a large "wick" 
drain consolidometer. 
The piezometer data obtained at this site were 
utilized to calculate the effectiv~ coefficient 
of horizontal . co~solidation, ch utilizing a 
method summarized in the publica~ion by Moran et 
al. The values of ch were calculated assuming 
that the piezometers were installed in the 
geometric center of the triangle formed by the 
drains, and that only radial draiange took 
place. Values of Ch were calculated assuming 
·values for dw of both 0.22 and 0.49 feet. Plots 
of the values of Ch vs. effective stress are 
indicated in Figures 11 and 12. 
Review of these figures indicates that the 
smaller value of dw, results in a larger value 
of ch. That is, the values are inversely 
proportional. Review of these figures also 
indicates that for an effective diameter of 0.22 
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feet, the values of ch are for the most pan, 
typically above the design value of 0.08/ft2 per 
day. The plot for an effective drain diameter 
of 0.49 feet, indicates lower calculated values 
of ch. 
Review of Figures 11 and 12 indicates that 
regardless of the drain diameter utilized in the 
analysis, the coefficient of horizontal consoli-
dation, Ch decreases with effective vertical 
pressure. This is consistant with observations 
of other drain installations summarized by Moran 
et al, and the prefabricated drain installations 
summarized in the ICE publication. 
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CONCLUSIONS 
Based on the data obtained during our field 
evaluations and subsequent analysis, we conclude 
the following: 
1. The use of vertical drains was successful in 
the preconsolidation of the soft subsoils at 
the site. The use of perfabricated drains 
resulted in a relatively large savings in 
constrUction costs by allowing the use of a 
shallow foundation system in the eastern 
half of the building area. The drains were 
also in~trumental in allowing the "fast 
track" schedule for the building construc-
tion to be met. 
2. The observed settlements from the 1982 
construction ranged between approximately 2 
an~ 2.3 feet which was somewhat greater than 
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that predicted using conventional methods. 
The observed secondary compression also 
appears to have occurred at a rate greater 
than that estimated based on laboratory 
data. We now believe that variability in 
the consistency and thickness of the peat 
layer was primarily responsible for the 
differences in settlement rate observed 
across the site. 
3. The apparent excess pore pressures observed 
in the area of instrument group IG-5 prior 
to the start of the 1985 construction, is 
not apparent. Review of the 1982 construc-
tion records indicate that the drains ap-
parently penetrated below the elevation at 
which the piezometric data was obtained. It 
is considered possible that the drains may 
have been "crimped" due to compression or 
displacement of the peat resulting from the 
embankment loading. A conclusive explana-
tion for the observed behavior in this area 
is not apparent. However, based on the 
results of the data, the surcharge was 
effective in accelerating settlement in this 
area and reducing the potential for post-
construction settlement. 
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